The phylogeographical patterns of Rhodiola dumulosa, an alpine plant species restrictedly growing in the crevices of rock piles, were investigated based on 4 fragments of the chloroplast genome. To cover the full distribution of R. dumulosa in China, 19 populations from 3 major disjunct distribution areas (northern, central, and northwestern China) were sampled. A total of 5881 bp (after alignment) of chloroplast DNA (cpDNA) from 100 individuals were sequenced. The combined cpDNA data set yielded 36 haplotypes. The total genetic diversity of R. dumulosa was remarkably high (H T = 0.981). The interpopulation genetic differentiation was significantly large (F ST = 0.8537, P < 0.001), possibly due to the long-term isolation of the natural populations. N ST was significantly larger than G ST (P < 0.001), indicating the presence of phylogeographical structure among the R. dumulosa populations. We propose 2 migration steps to explain the current distribution of R. dumulosa in China. First, this species migrated from refugia in the Qinghai-Tibetan Plateau to northern areas via the intervening highlands when temperatures increased; second, the highland populations migrated toward the mountaintops when temperatures increased further because R. dumulosa is adapted to cold environments. During the second migration step, the common ancestral haplotypes may have been gradually lost.
Why species occupy particular ranges and how animal and plant distributions have been influenced by historical events extending over millions of years are attractive questions for biologists. Investigating species' genetic structure may help to answer these questions because the genetic structure is shaped not only by current gene flow and genetic drift but also by the species' evolutionary history (Avise 2000) . To discriminate between patterns of genetic structure caused by past events and those caused by the balance of gene flow and drift among currently observed populations, both temporal and spatial analyses of genetic variability are required. In intraspecific phylogeography, time and space are jointly considered as axes (Avise 1996) . Therefore, phylogeographic analyses have been widely used to study the relationship between geographical distribution and population genetic structure and to infer the impact of historical events on spatial distribution patterns and species' demographic histories (Nevill et al. 2010; Sugahara et al. 2011; Wang et al. 2011; Chen et al. 2012; Marr et al. 2013) , especially the effects of the dramatic climatic changes during Quaternary glaciation events (Beebee and Rowe 2008) .
Alpine plants are particularly sensitive to climatic changes (Pauli et al. 1996) . The influence of Quaternary glaciations on the contemporary genetic structure and distribution of European and North American alpine plant species has been widely discussed (Schönswetter et al. 2006; Bettin et al. 2007; Naciri and Gaudeul 2007; Shafer et al. 2010; Marr et al. 2013) . Unlike Europe and North America, most areas in China and its neighboring areas in eastern Asia were never covered by ice sheets but experienced the development of cooler and drier climates within the last 15 million years (Axelrod et al. 1998) . Therefore, many alpine plant species in these areas were also influenced by extreme climatic oscillations.
The genus Rhodiola (Crassulaceae) includes approximately 90 species, 55 of which have distributions in China. Among these 55 species, only 1 species, Rhodiola dumulosa, is found across western, central, and northern China. Two species (Rhodiola sachalinensis and Rhodiola angusta) grow only in northern China; 2 species (Rhodiola rosea and Rhodiola kirilowii) are found in western and northern China; 1 species (Rhodiola yunnanensis) lives in western and central China; and the remaining species are distributed only in western China. Supplementary Table S1 shows the distributional areas of the 55 Rhodiola species.
Rhodiola dumulosa is a perennial, herbaceous species that lives in rocks on slopes in the alpine zone. Natural populations of this species exhibit an "island" distribution pattern because they are restricted to the crevices of rock piles that are discontinuously scattered in alpine mountains. The distribution of R. dumulosa in China can be grouped into 3 disjunct areas according to the mountain systems: 1) northern China: populations in the Yin Mountains, Yan Mountains, Taihang Mountains, and Lüliang Mountains; 2) central China: populations in the Qinling Mountains, which lie in central China and run approximately from west to east; and 3) northwestern China: populations on the northern margin of the Qinghai-Tibetan Plateau in western China. In this study, we used 4 chloroplast DNA (cpDNA) regions as molecular markers to infer the phylogeographic patterns of R. dumulosa throughout its entire distribution in China. We aimed to address the following questions: 1) How much genetic diversity and genetic differentiation is present within and among populations? 2) What are the phylogenetic relationships among R. dumulosa populations in different mountains ranges in China? and 3) What is the most likely hypothesis to explain the current distribution of R. dumulosa in China?
Materials and Methods

Population Sampling
We sampled 19 R. dumulosa populations to cover the major distribution of this species in China (see Figure 1 and Table 1 ). These 19 populations can be grouped into 3 areas: 1) northern China: Yin Mountains, Yan Mountains, and Lüliang Mountains (populations DQ, WL, DL, BH, XWT, BS, WT, LYS, HYP, and GD); 2) central China: part of the Qinling Mountains (populations TB, HZZ, CQ, and SNJ); and 3) northwestern China: the northern part of the Qinghai-Tibetan Plateau (populations MXS, LHS, LD, DT, and HL). Following Lei et al. (2004) , R. rosea and R. kirilowii were used as outgroup species in our analysis. These 2 species were collected from the mountain where we collected the population BH.
The distance between any 2 sampled individuals was greater than 5 m. Fresh leaf samples were collected and dried in silica gel. Vouchers of the samples were deposited at Beijing Normal University.
DNA Extraction and Sequencing
Genomic DNA was extracted using a Plant Genomic DNA kit (Tiangen Biotech, Beijing, China) following the kit protocol with a few modifications.
A preliminary screening for cpDNA variation was conducted using 14 universal primer pairs on a panel of 4-5 individuals from each population. Four cpDNA regions were selected for phylogeographical analyses based on their relatively high intraspecific polymorphism: 1) the psbA-trnH intergenic spacer (Sang et al. 1997) ; 2) the matK gene (Johnson and Soltis 1995) ; 3) the trnC-trnD intergenic region (Lee and Wen 2004) ; and 4) the trnL-trnF region (Taberlet et al. 1991) . Several internal sequencing primers were designed using PRIMER v5.0 (Clarke and Gorley 2001) . See Supplementary Table S2 for PCR and sequencing primers.
The PCR profile consisted of 1 cycle of at 94 °C for 4 min, followed by 30 cycles of 1 min at 94 °C, 20 s at the primer annealing temperature, and 90 s at 72 °C; and a final extension at 72 °C for 10 min. The amplification reactions were carried out in a 25 μL solution containing 1× PCR buffer, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1 U Taq polymerase, 0.2 mM of each primer, and 10-20 ng DNA template. The amplification products were separated by electrophoresis on a 1.0% agarose gel, stained with ethidium bromide, and purified using a gel extraction kit (OMEGA, Norcross, GA). The purified products were sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA). After the products were purified using ethanol/sodium acetate precipitation, as suggested by the manufacturer of the sequencing kit, the fragments were sequenced from both directions on an automated sequencer (ABI 3730xl; Applied Biosystems). Singleton polymorphisms were verified by reamplifying and resequencing the DNA from the same individual.
Sequence Analyses
The cpDNA nucleotide sequences were aligned in CLUSTALX v1.18 (Thompson et al. 1997) , and the alignments were manually corrected in BioEdit v7.0.5 (Hall 1999) .
After alignment and correction, the sequences of the 4 cpDNA fragments from each individual were combined to form a merged data set for further analysis.
Intrapopulation diversity was estimated by haplotype diversity (H) and nucleotide diversity (P i ) using DnaSP v4.5 (Rozas et al. 2003) . Haplotype diversity was defined as the probability that 2 randomly chosen haplotypes were different (Nei 1987) , whereas nucleotide diversity also considered the nucleotide divergence between the haplotypes (Tajima 1983) . Therefore, 2 populations could exhibit the same haplotype diversity but different nucleotide diversity. Estimates of the average gene diversity within populations (H S ) and total gene diversity (H T ) were calculated in the program PERMUT (Pons and Petit 1996) . G ST and N ST were also calculated and compared in PERMUT according to Pons and Petit (1996) . G ST (Nei 1987) , which represents the population differentiation across the total distribution, considers only haplotype frequencies, whereas N ST considers both haplotype frequencies and genetic divergence. An observed value of N ST greater than G ST generally indicates the presence of phylogeographical structure (Pons and Petit 1996) , with closely related haplotypes being found in the same area more often than less closely related haplotypes. Furthermore, the correlation between the genetic (F ST ) and geographic pairwise population distance matrices was evaluated using a Mantel test with 9999 permutations using ARLEQUIN v3.01 (Excoffier et al. 2005) .
Analyses of molecular variance (AMOVA) and spatial analyses of molecular variance (SAMOVA) were performed using ARLEQUIN (Excoffier et al. 2005) and SAMOVA (Dupanloup et al. 2002) , respectively. Defining population groups a priori is essential when using AMOVA to estimate the genetic differentiation between the groups. In contrast, SAMOVA clusters geographically homogeneous populations into a user-defined number of groups (K) to maximize the proportion of the total genetic variance observed among groups (F CT ). SAMOVAs were computed for K values ranging from 2 to 10 to determine the optimum F CT . For each K value, 10 000 simulated annealing steps were performed starting from 200 sets of initial conditions. To visualize the genetic relationships between the observed haplotypes, maximum parsimony (MP) trees were constructed via a heuristic search (random stepwise addition) with 1000 bootstrap replications in PAUP* v4.0b10 (Swofford 2002) . The shortest trees were reevaluated using tree-bisection-reconnection. As the cpDNA variation was not high, median-joining (MJ) networks were considered to be a superior approach for inferring the intraspecific phylogeny and displaying all potential evolutionary paths for the haplotype set (Bandelt et al. 1995; Bandelt et al. 1999 ). The MJ network was drawn using NETWORK (www.fluxusengineering.com/netwinfo.htm) based on the combined data set, including both substitutions and indels. The indel weight was set at 20 in PAUP* to obtain an unambiguous network. Partition homogeneity was tested before combining the data set, as suggested by the software manual.
Indels were manually recoded as a single mutational step (present or absent) for the NETWORK analysis but were treated as missing data in all of the other analyses.
Results
We planned to sequence the 4 cpDNA fragments in 10 randomly selected individuals from each population. However, because we found little variation within populations and because the amplification or sequencing reactions of certain individuals were unsuccessful, 5 individuals from each population (except populations BS and DQ) were ultimately sequenced for all 4 of the fragments (Table 2 ). In total, sequences of the 4 cpDNA fragments from 100 individuals of R. dumulosa and 1 individual each of R. rosea and R. kirilowii were included in our analyses. Unique sequences of the 4 cpDNA fragments were deposited in GenBank (accession numbers FJ794276-FJ794344 for R. dumulosa and FJ974029-FJ974038 for the outgroup species). The sequences of the 4 cpDNA regions were concatenated for all of the analyses.
After editing, alignment, and concatenation, a 5881 bp cpDNA data set for 100 individuals of R. dumulosa was generated. This data set contained 61 nucleotide substitutions and 36 indels, 44 of which were parsimony-informative sites. Thirty-six haplotypes were detected when the indels were included. In fulfillment of data archiving guidelines (Baker 2013) , an aligned sequence file of the 100 individual samples has been submitted to Dryad.
Phylogenetic Relationships and Geographic Distribution of Haplotypes
The MP tree (Supplementary Figure S1) revealed that the R. dumulosa haplotypes formed a monophyletic group. Although the MP tree had little resolution within R. dumulosa, some geographical structure was seen. For example, haplotypes H_13, H_14, H_22, H_23, H_24, and H_25, which clustered together with 97% bootstrap support (Supplementary Figure S1) , were all observed in northwestern populations (Figure 1) . Another group united all haplotypes from central China except haplotypes H_28 and H_29 from population SNJ with 53% bootstrap support. The MJ network also revealed the phylogenetic relationships among the 36 R. dumulosa haplotypes (Figure 2) . Two inferred haplotypes (mv2 and mv3) occupied the center of the network, making it difficult to predict which observed haplotype was the most ancestral. We assigned the 36 haplotypes to 7 lineages (Figure 2) . Lineage 1 included all of the haplotypes from northern China but excluded haplotypes from population DQ (H_11 and H_12). Lineage 7 included all of the haplotypes from northwestern China except those from populations HL (H_15 and H_16) and MXS (H_27). Lineages 7 and 1 were connected through haplotype H_22, 2 unobserved haplotypes (mv2 and mv3), and haplotype H_10. The distance between these 2 lineages was greater than 20 changes (substitutions plus indels). Lineage 4 included all of the haplotypes from central China except those from population SNJ (H_28 and H_29). Lineages 5, 6, 3, and 2 included the haplotypes from populations DQ, SNJ, HL, and MXS, respectively.
The haplotype uniqueness was high. Only 2 haplotypes, H_10 and H_2 from northern China, were observed in multiple populations (Figure 1 ). The remaining haplotypes were found in only 1 population.
Haplotype Diversity and Population Differentiation
The haplotype diversity and nucleotide diversity are presented in Table 3 . Among the 19 investigated populations, haplotype diversity varied from 0 to 0.90, and nucleotide diversity ranged from 0 to 0.00062. Population HYP in northern China had the highest haplotype diversity (H d = 0.90 ± 0.16). Populations XWT and LD had nearly equally high nucleotide diversity (with P i values of approximately 0.62E-3) but differed in haplotype diversity (with H d values of 0.70 ± 0.22 and 0.60 ± 0.18, respectively). The chloroplast haplotype diversity across the entire sampling area was quite high (H d = 0.95 ± 0.01, P i = 2.07 ± 0.13). Haplotype diversity was nearly equal in northern, central, and northwestern China (with H d values of approximately 0.90, 0.87, and 0.89, respectively), whereas nucleotide diversity was much greater in northwestern China (P i = 2.53E-3) than in the other 2 regions (northern China: P i = 1.02E-3; central China: P i = 0.85E-3).
Analyses using PERMUT indicated that the average genetic diversity within populations (H S ) and the total genetic diversity (H T ) over all of the populations were 0.485 and 0.981, respectively. The permutation test showed that N ST (0.882) was significantly greater than G ST (0.505) over all of the populations (P < 0.01), implying the presence of significant phylogeographic structure. In addition, the Mantel test between the pairwise F ST and geographical distance matrices revealed a statistically significant positive relationship (r = 0.493; P = 0.000 < 0.01) between geographical and genetic distance, indicating a significant isolation-by-distance pattern.
The AMOVA results are presented in Table 4 . The genetic differentiation among the 19 populations was significantly high (F ST = 0.8537, P < 0.001). The pairwise F ST values among the 3 disjunct regions revealed that the genetic differentiation between the northern and northwestern China (36.31% of the variation) was the highest.
Several SAMOVAs were computed based on an increasing number of groups (from K = 2 to K = 10). As expected, F CT increased with K, and an optimal number of groups was identified when F CT was maximized (Dupanloup et al. 2002) . However, it was difficult to reliably estimate the optimal number of groups in our analyses because F CT steadily increased rather than reaching a maximum value (Table 5) . However, the rate of increase appeared to slow above K = 6 (Figure 3) . At K = 6, the grouping was similar to the lineages revealed in the MJ network: group 1 corresponded to lineage 1 plus lineage 6; group 2 was the same as lineage 7; groups 3, 4, and 5 corresponded to lineages 2, 3, and 5, respectively; and group 6 was identical to lineage 4. At K = 7, the SAMOVA separated 3 populations from the northern group to form an independent group. We therefore concluded that the K = 6 result was more reasonable than the K = 7 result.
Discussion
Genetic Diversity Based on cpDNA Haplotypes and Population Relationships among 19 Sampled Populations of R. dumulosa Overall, of the 19 R. dumulosa populations investigated in this study, the total genetic diversity (H T ) was remarkably high (0.981) based on the 36 cpDNA haplotypes from 100 individuals. The estimate of the genetic differentiation among the 19 populations was significantly high (F ST = 0.8537; P < 0.001), implying a restricted gene flow by seeds among the populations. Similarly, high genetic diversity and genetic differentiation have been found in a cpDNA phylogeographic study of Rhodiola alsia, which is endemic to the Qinghai-Tibetan Plateau (Gao et al. 2009 ). Spatially isolated populations with restricted gene flow typically undergo long-term independent evolutionary processes, resulting in high genetic differentiation among populations (TillBottraud and Gaudeul 2002; Shimono et al. 2009; Frei et al. 2012) . We therefore propose that the high genetic diversity and differentiation observed in this study can be explained by the isolation of R. dumulosa populations. Wild R. dumulosa populations are uniquely adapted to scarce, highly fragmented rocky habitats atop mountains or on alpine slopes. Therefore, we inferred that the gene flow among these naturally isolated populations is most likely constrained by distance and primarily occurs between neighboring populations. This conclusion was supported by the Mantel test between the pairwise F ST and geographical distance matrices (r = 0.493; P = 0.0000), which indicated a significant isolation-by-distance pattern.
cpDNA Haplotype Distributions and Phylogeographical Structure across 19 Investigated R. dumulosa Populations
Most of the sampled haplotypes were restricted to a single population; only 2 haplotypes (H_2 and H_10) from northern China were observed in multiple populations (Figure 1 ). Such major differences in haplotype composition among populations, especially the large number of unique haplotypes, suggest strong genetic differentiation among populations and a low level of long-distance gene flow via seeds (Gao et al. 2009 ), consistent with our estimates (F ST = 0.8537). Moreover, the haplotype-identification permutation tests revealed that N ST was significantly larger than G ST (P < 0.01), suggesting the presence of phylogeographical structure across the sampled region (Pons and Petit 1996) . Both the MJ network (Figure 2 ) and the SAMOVA results (Table 5 ) revealed that haplotypes observed in neighboring populations or within populations usually clustered together. All of these results support the hypothesis that high genetic differentiation among populations within a species is generally associated with distinct phylogeographical structure (Avise 2004) . How can we explain the current distribution of R. dumulosa in China? A phylogeographic study of a Rhodiola species (R. alsia) based on cpDNA haplotypes suggested that populations of R. alsia survived in isolated refugia in the QinghaiTibetan Plateau during the Quaternary glaciation (Gao et al. 2009 ). The northwestern populations of R. dumulosa in this study were collected from the northern margin of the Qinghai-Tibetan Plateau. Have these populations also survived in refugia in the Qinghai-Tibetan Plateau? It has been suggested that populations situated close to refugia should be highly divergent (Petit et al. 2003) . A high haplotype diversity (Table 3) and haplotype uniqueness ( Figure 1) were found in the northwestern populations. We therefore inferred that some areas in the Qinghai-Tibetan Plateau also acted as potential refugia for R. dumulosa during glacial periods.
Most Chinese Rhodiola species are distributed in the Qinghai-Tibetan Plateau (Supplementary Table S1 ). Ohba 1988) and then dispersed northeastward along the mountain ranges (Sun 2002) . If R. dumulosa populations migrated northward along the mountain ranges from a refugium in the Qinghai-Tibetan Plateau after glaciation, the haplotypes observed outside the refugium should be a subset of the haplotypes found in northwestern China. However, our data are inconsistent with this assumption. The haplotype diversity and haplotype uniqueness were also high in central and northern China (Table 3 and Figure 1) , and no haplotypes were shared among the 3 disjunct areas. Thus, this study does not provide strong evidence for migration from the QinghaiTibetan Plateau to northern China.
The 3 disjunct areas showed similarly high haplotype diversity, but the northwestern area presented much higher nucleotide diversity compared with the other 2 areas (Table 3) . If the northwestern populations have experienced a longer evolutionary history than the populations in central and northern China, then they have had more time to accumulate mutations. In the MJ network (Figure 2 ), lineage 1 (including most northern haplotypes and no haplotypes from other regions) and lineage 7 (including most northwestern haplotypes and no haplotypes from other regions) were arranged on either side of the intermediate haplotypes (mv2 and mv3, which may be extinct or merely unsampled), and these 2 lineages were the most divergent (with more than 20 steps separating haplotype H_10 from H_22). This large difference suggests that the split between the northwestern and northern populations might have experienced a few millions of years. However, haplotype H_27 from the northwestern population MXS was linked to lineage 1 via haplotype H_36 from the northern population XWT (Figure 2) , implying that the northwestern and northern haplotypes may have some evolutionary relationship. Based on these results and on the hypothesis that Rhodiola migrated from the QinghaiTibetan Plateau to northern China (Ohba 1989; Sun 2002) , we propose a 2-step migration process to explain the current distribution of R. dumulosa in China. First, this species migrated northward from refugia in the Qinghai-Tibetan Plateau via the intervening highlands when temperatures increased. Second, the highland populations migrated toward the mountaintops when temperatures increased further because R. dumulosa is adapted to cold environments. During the second migration step, the common ancestral haplotypes between the 3 disjunct areas may have been gradually lost.
In conclusion, the total genetic diversity and differentiation among R. dumulosa populations are remarkably high, and gene flow via seeds is restricted. These patterns may be due to long-term geographical isolation between the sampled populations. The R. dumulosa populations exhibit significant phylogeographical structure. Indeed, the partitioning of genetic variability shows a significant geographical component. The Qinghai-Tibetan Plateau is a potential refugial area, but the hypothesized migration route from the QinghaiTibetan Plateau to northern China needs further investigation. In addition, the small sample size per population in this study could affect the analysis results and the conclusions, and we will put more efforts in extending our sampling in further studies.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/.
Funding
National Natural Science Foundation of China (30770356).
